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Abstract 
Aqueous amines as the solvents for CO2 removal in low concentration streams have been exhaustively 
studied. This work focuses on the blending of piperazine (PZ) activator with aqueous tertiary amines 
(Methyldiethanolamine, MDEA) across concentration range of 200-900 mol/m3 for MDEA and 5-41 mol/m3 for PZ 
and sterically-hindered amines (2-amino-methyl-1-propanol, AMP) across concentration range of 6-24 mol/m3 for 
AMP and 7-48 mol/m3 for PZ at temperature range of 298-313 K using stopped-flow technique to determine the direct 
pseudo first-order reaction kinetics of the blends. The different proposed reaction mechanisms such as base-catalyzed 
hydration, zwitterion and termolecular reaction mechanisms for the reaction of CO2 with aqueous solutions of amines 
were used to calculate the second-order reaction rate constants k2, (m3∙mol-1s-1). Zwitterion mechanism correlated the 
stand-alone AMP perfectly while base catalysis mechanism correlated the stand-alone MDEA successfully. Hybrid of 
zwitterion mechanism correlated the blend of AMP/PZ while a hybrid of zwitterion and base catalysis mechanisms 
correlated the experimental data of MDEA/PZ system.  
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1. Introduction 
 
Comprehensive papers on the efficiency of using amines and blends of amines for CO2 removal from flue 
gas streams have been published and summarized [1]. In all of the CO2 capture technologies, post-combustion CO2 
capture process as a reference is based on the absorption/desorption process with a solvent solution of 
Monoethanolamine (MEA) at 30 wt.% in water and this is considered the most developed and established capture 
technology [2]. Notwithstanding the effectiveness of MEA in CO2 captured technologies, the high regeneration energy 
requirement which is about 4 GJ per ton of CO2 captured and solvent losses from amine degradation and vaporization 
are the major challenges to the large-scale deployment of this technology [2-4].  In addition to these restrictions, MEA 
solvent has its inherent limitations such as low absorption capacity, moderate kinetics, which will lead to larger 
absorption columns and higher capital cost when compared with fast reacting amines [5][6]. To overcome these 
drawbacks of this single amine; different research activities have been focused on the development of amine blends, 
which will result in optimized properties of the individual amines forming a single blend that will be more effective 
for CO2 capture processes. For example, having the CO2-absorbing amines with slower reaction kinetics and higher 
solubility, being promoted and activated by the fast reacting amines to a level where the speed of their reaction is 
enhanced for effective deployment in CO2 absorption technology [7, 8-16]. Gordesli and Alper [5] studied the effect 
of adding piperazine (PZ) to a number of amines and it was confirmed that PZ is a good candidate for promoting the 
reaction rate when sterically-hindered amines and tertiary amines are employed for CO2 capture processes. Activating 
sterically-hindered amines with an activator such as piperazine for gas treatment operations is receiving wide attention 
from researchers due to their benefits of high reaction rates and solubility with moderate regeneration energy (≈ 
moderate heat of absorption) [5].  
 
With this solvent mixing, the individual CO2 absorption characteristics in the solvents that constitute the blend can be 
enhanced and used effectively for the purpose of CO2 capture in a gas stream, thereby compensating for the drawbacks 
in using a single solvent for CO2 capture processes. The advantage of using blend system in which one of the solvents 
is a sterically-hindered amine is the unstable carbamate that will be formed which lead to free amine that activates 
higher CO2 for absorption. The drawback that could be witnessed in using a sterically-hindered amine for CO2 
absorption purposes is the low reaction rate caused by steric hindrance. This drawback would be compensated for by 
the presence of an activator or accelerator such as a very reactive cyclic amine like piperazine [17]. It has been reported 
by Gordesli et al that the observed pseudo first-order rate constant for the reaction between aqueous blend of AMP 
and PZ is more than the value of the summation of the corresponding stand-alone amines and comparably higher than 
that of the commercial solvent for CO2 capture, Monoethanolamine (MEA) [5]. Zhang et al studied the absorption of 
CO2 into a mixed aqueous solution of MDEA and PZ using laboratory disk column and concluded that the reaction of 
PZ with CO2 could be regarded as the rapid pseudo-first-order reaction in parallel with that of MDEA with CO2 [18]. 
The slower reaction kinetics of MDEA can be promoted by blending with PZ and the non-corrosive nature of MDEA 
will give its blending with PZ a great commercial boost for CCS deployment. About 80 % of the operational cost in 
the carbon capture technology deployment is associated with regeneration of the solvent and created a need to develop 
solvents with low regeneration energy for a more economical operation [19]. Adeosun et al suggested that pure solvent 
blends with thermal solvent energy requirement below 4 GJ/ton-CO2 are expected to be potential solvent candidates 
for post-combustion CO2 capture processes [20].   
 
The aim of this work is to show the effect of adding PZ accelerator to a sterically-hindered (AMP) and tertiary (MDEA) 
amines so that the optimized individual properties of the amines forming a single blend of AMP/PZ and MDEA/PZ 
can be shown for effective deployment of these blends in CCS technology and this is expected to greatly reduce the 
operational cost that is hampering the large deployment of the technology. 
 
2.  Experimental Section 
2.1 Materials 
Aqueous solution of carbon dioxide (CO2) were prepared by bubbling research grade CO2 for about two hours 
into distilled water through Solvent Screening Setup (J156-SSS) supplied by Hi-Tech Engineering. A detailed 
1258   Ahmed Sodiq et al. /  Energy Procedia  63 ( 2014 )  1256 – 1267 
description of this equipment has been given in a previous paper [2]. The solution was further diluted with distilled 
water to keep the CO2 concentration in the solution to at least 15 times lower than amines concentration in order to 
achieve a pseudo first-order reaction condition. In this work, reagent grade Methyldiethanolamine (MDEA) with mass 
purity ≥ 99 %, 2-amino-methyl-1-propanol (AMP) with mass purity ≥ 99 %, and Piperazine (PZ) with mass purity ≥ 
99 % were obtained from Sigma-Aldrich. These chemicals were used to obtain the results in this work without further 
purifications.  
 
2.2 Experimental Setup 
In this work, stopped-flow technique is used to measure the pseudo first-order rate constants k0 (s-1) for the 
homogenous reaction between CO2 and the mixture of aqueous MDEA and PZ and the mixture of aqueous AMP and 
PZ. The experimental setup is a standard SF-61SX2 stopped-flow system supplied by TgK Scientific, suppliers of Hi-
Tech Scientific Instruments, UK. A detailed description of the experimental arrangements of the stopped-flow 
equipment is given in the work of Alper [21].  
 
 
   Fig. 1. Schematic Diagram of Stopped-Flow Equipment showing the major units 
 
The change in voltage during the experiment will be converted to the change in conductivities of the solutions by the 
calibrated cell voltage with the conductivities of the standard potassium chloride (KCl) solution. The change in 
conductivity against time profile is fitted according to an exponential equation resembling a first-order kinetic equation 
as shown in Eq. (1)  
 
Y=-A expሺ-k0 tሻ + Y∞           (1) 
 
Where k0 (s-1) is the pseudo-first order reaction rate constant. 
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2.3 Experimental Validation 
For adequate comparison and effective results, the reaction between CO2 and aqueous Monoethanolamine 
(MEA) was used as a standard to validate the stopped flow equipment with a concentration range of 5-34 mol∙m-3 at 
temperature range of 298-313 K. The observed pseudo first-order reaction rate constants obtained in this work had 
reproducibility better than 2.5 % (absolute average deviation of 15 set of values from it mean values). The results were 
in good agreement as shown in figure 2 with those published [3] with an absolute average deviation (AAD %) less 
than 3 % for all concentrations and temperatures. On this note, the experimental procedure followed in this work was 
adjudged adequate and valid since it followed what is available in the literature. 
 
[MEA] mol.m-3
0 5 10 15 20 25 30 35 40
k 0
 (s
-1
)
0
50
100
150
200
250
300
350
298.15 K, [3]
298.15 K, This work 
303.15 K, [3]
303.15 K, This work 
308.15 K, [3]
308.15 K, This work
313.15 K, [3]
313.15 K, This work
 
Fig. 2. Comparison of k0 values for CO2 reaction with aqueous MEA obtained in this work with those 
published at different temperatures and concentrations Ali [3] 
 
3.0 Reaction Mechanisms 
A detailed literature review of kinetics data acquired by the stopped-flow technique for aqueous amines 
system was recently published [22]. It was concluded that both zwitterion and termolecular mechanisms proposed for 
the reaction kinetics of aqueous amines with CO2 are consistent to explain the reaction rates of all aqueous amines 
with CO2. It is generally impossible to know which step is rate-limiting step in the Zwitterion mechanism and to 
determine the three kinetics constants in the case where the two steps would contribute to the reaction rate. The 
termolecular mechanism represents the system with only two constants derived from experimental data at different 
concentrations. Couchaux et al [22] showed a physical compensation effect observed between activation energy and 
preexponential factor of the rate constants which was shown to favor termolecular mechanism. Donaldson and Nguyen 
reported that tertiary amines do not react directly with CO2, they accelerate the reaction of hydration of CO2 [23]. The 
mechanism that explains the phenomenon is known as base-catalyzed hydration mechanism. In this work, zwitterion 
and termolecular mechanisms were used to fit the experimental data of the reaction between stand-alone aqueous MEA 
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and aqueous CO2. Zwitterion and termolecular mechanisms were also used for the reaction between stand-alone 
aqueous AMP and aqueous CO2. Base-catalyzed mechanism was used for the reaction between stand-alone aqueous 
MDEA and aqueous CO2 to determine the contribution of each aqueous amines in the system to the reaction kinetics 
with CO2. For the reaction between aqueous mixture of AMP and PZ, both zwitterion and termolecular mechanisms 
were used while the combination of zwitterion and base-catalyzed mechanisms was used to determine the reaction 
kinetics of the mixture of aqueous MDEA and PZ. 
 
3.1 Base-Catalysis mechanism 
 
According to Donaldson and Nguyen [23], tertiary amines do not directly react with CO2, they are used to accelerate 
the reaction of hydration of CO2. Water is in excess and its kinetics does not vary too much, as a result, it is generally 
considered for the reaction to be first-order with respect to amine concentration as shown in Eq. (3) in which ோయேᇱ ൌ
ୖయ୒Ǥ ሾଶሿ. In this work, Eq. (5) was used to correlate the experimental data for the stand-alone MDEA.       
ଷ ൅ 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3.2 Zwitterion mechanism 
 
Zwitterion mechanism as proposed by Caplow [24], CO2 reacts with amines via the formation of zwitterion 
Eq. (6) and this is followed by the removal of a proton by a base Eq. (7). The base can be H2O, OH- or another amine 
in aqueous solutions. In this work, Eq. (12) was used to correlate the experimental data for the stand-alone AMP and 
stand-alone PZ. 
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3.3 Termolecular mechanism 
 
In line with Crooks and Donnellan [25], a single step termolecular mechanism can be used to describe the 
reaction kinetics between aqueous CO2 and aqueous primary or secondary alkanolamines. Eq. (13) shows a reaction 
where an amine is bonding with CO2 and simultaneous proton transfer is taking place. Eq. (14) shows the second-
order rate with respect to amine. In this work, Eq. (16) was used to correlate the experimental data for the stand-alone 
AMP and stand-alone PZ.    
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3.4 Hybrid mechanism 
 
In this work, PZ was used as a promoter for fast reaction rates which brings about some new set of equations. A hybrid 
reaction rate of Zwitterion mechanism as proposed by Xiao et al [26] and further corroborated by Ali [3] was used for 
AMP/PZ system as shown in (Eq. 17).  
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For MDEA/PZ system, a combination of zwitterion and base-catalysis mechanisms was used as shown in (Eq. 18) Ali 
et al [4]. 
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4.0 Results and Discussion 
4.1 Reaction of aqueous CO2 with aqueous AMP 
 The reaction kinetics of aqueous solutions of CO2 in stand-alone aqueous AMP were measured using a 
stopped-flow technique in a concentration range of 51-351 mol∙m-3 and a temperature range of 298-313 K, with 
temperature interval of 5 K. To maintain the pseudo first-order reaction condition, the amine concentration was kept 
at least 15 times the CO2 concentration. The observed pseudo first-order rate constants k0 (s-1) of the reaction between 
stand-alone aqueous AMP and aqueous CO2 obtained from this work are shown in Table 1.  The pseudo first-order 
reaction constants k0 (s-1) increase with increase in aqueous AMP concentration, as well as increase in temperature. 
Figure 3 shows the comparison between experimental k0 (s-1) values of (AMP + CO2 + H2O) system in this work and 
those published by Ali [3]. The values were found to be closer to each other with the mean relative deviation (MRD) 
that is less than 5% in all the four temperatures that were tested.   
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Table 1. Experimental kinetic data for (AMP + CO2) in water 
 
Concentration (molm-3) Pseudo first-order rate constant (k0) 
[AMP] [Water] 
T/K 
298.15 303.15 308.15 313.15 
50.79 55267.18 17 22 30 39 
95.86 55044.14 32 43 58 74 
149.24 54779.98 55 71 93 120 
193.67 54560.07 70 101 125 155 
247.79 54292.25 95 123 164 201 
299.12 54038.22 120 152 194 240 
351.05 53781.23 138 176 234 285 
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Fig. 3. Comparison of the k0 values of the reaction between CO2 and AMP + H2O system at different temperatures. 
 
The pseudo first-order reaction rate constants of aqueous AMP over a temperature range of 298-313 K were correlated 
with power-law kinetics as a function of concentrations. 
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 ଴ ൌ ୅୫ሾሿ௡                     (19) 
Where kAm is the power-law constant (m3n∙mol-n∙s-1), [Am] is the concentration of the amines and n is the order of 
reaction. The reaction orders were found to be 1.01, 1.02, 1.02 and 0.99 at 298, 303, 308 and 313 K respectively. This 
empirical curve fitting approach gives a reaction order of approximately 1.00 with respect to AMP. The temperature 
dependency of the second order rate constant for the zwitterion mechanism with deprotonation reaction was correlated 
by an Arrhenius equation and found to be linear. The Arrhenius equation is generally given as shown in Eq. (20). 
  ݇ଶ ൌ  ቀെ ୉౗ୖ୘ቁ         (20) 
Where A is the Arrhenius constant (m3∙mol-1∙s-1) and Ea is the activation energy (kJ∙mol-1). The temperature 
dependency of the Arrhenius equation for CO2-AMP system was derived as: 
݇ଶሺଷ ή ିଵ ή ିଵሻ ൌ ͳǤʹͶͻ ൈ ͳͲ଺ כ ି
రరఱయǤమ
౐    [R2=0.99]                 (21) 
The activation energy for the reaction of CO2 with aqueous AMP was found to be 37.02 kJ∙mol-1 
 
4.2 Reaction of aqueous CO2 with the aqueous AMP/PZ 
 Reaction kinetics of the reaction of aqueous CO2 with aqueous AMP/PZ was carried out using a stopped-
flow technique, in a concentration range of 6-24 mol∙m-3 for AMP and 7-48 mol∙m-3 for PZ at temperature range of 
298-313 K, with an interval of 5 K. In order to maintain the pseudo first-order reaction condition, the amine 
concentration was kept at least 15 times the CO2 concentration. The observed pseudo first-order rate constants k0 (s-1) 
of the reaction between the mixture of aqueous AMP and PZ with aqueous CO2 obtained from this work and the 
percentage relative changes in the k0 values (k0, % rel.) are shown in Table 2.  The pseudo first-order reaction constants 
k0 (s-1) increase with increase in aqueous AMP and PZ concentration, as well as increase in temperature. Table 3 shows 
the comparison of second-order reaction rate constants k2, (m3mol-1s-1) for the reaction between CO2 and aqueous 
AMP blend with different amines. AMP/PZ blend has the highest k2 (m3mol-1s-1) value in comparison with other AMP 
blends in the table 3. 
 
Table 2. Experimental kinetic data for (AMP + PZ + CO2) in water 
 
[Water] [AMP] [PZ] 
Molar 
Ratio k0 (s
-1) k0 (s-1),%rel. 
mol∙m-3 mol∙m-3 mol∙m-3 AMP/PZ 298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15 
55454.36 6.11 7.09 0.86 83 90 101 113 -28 -31 -28 -28 
55436.54 7.98 8.89 0.90 126 131 150 159 -14 -20 -15 -19 
55410.00 9.91 12.44 0.80 195 212 231 246 -4 -8 -7 -11 
55386.77 12.10 15.03 0.80 252 284 308 335 2 2 3 1 
55353.21 14.07 20.01 0.70 367 378 437 482 12 2 10 9 
55330.53 16.00 22.75 0.70 428 464 511 580 15 10 12 15 
55286.78 17.97 29.86 0.60 621 660 695 780 27 20 16 18 
55260.47 19.93 33.34 0.60 688 702 803 899 26 14 20 22 
55199.17 22.11 43.91 0.50 924 962 1074 1232 28 19 22 26 
55170.58 24.00 47.92 0.50 1044 1060 1210 1388 32 20 25 30 
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Table 3. Comparison of second order reaction rate constants (k2, m3mol-1s-1) for reaction between CO2 and aqueous 
AMP blend with different amines 
 
 
4.3 Reaction of aqueous CO2 with aqueous MDEA 
 The reaction kinetics of aqueous solutions of CO2 in stand-alone aqueous MDEA were measured using a 
stopped-flow technique across a concentration range of 200-800 mol∙m-3 and a temperature range of 298-313 K, with 
temperature interval of 5 K. To maintain the pseudo first-order reaction condition, the amine concentration was kept 
at least 15 times the CO2 concentration. The observed pseudo first-order rate constants k0 (s-1) of the reaction between 
stand-alone aqueous MDEA and aqueous CO2 obtained from this work are shown on figure 4.  The pseudo first-order 
reaction constants k0 (s-1) increase with increase in aqueous MDEA concentration, as well as increase in temperature. 
The pseudo first-order reaction rate constants for over a temperature range of 298-313 K, were correlated with power 
law kinetics Eq. (19). The reaction orders were found to be 0.98, 0.96, 0.99 and 0.97 with respect to [MDEA] at 298, 
303, 308 and 313 K respectively. The second-order rate constants k2 (m3mol-1s-1), as shown in table 4, displayed an 
increasing trend with respect to increase in concentration and temperature and these values were compared with those 
in the literature. The empirical curve fitting approach gives a reaction order of approximately 1.00 with respect to 
MDEA. The temperature dependency of the second-order rate constant for the base-catalysis mechanism correlated 
by an Arrhenius equation and found to be linear. Arrhenius equation for CO2-MDEA system was derived as: 
 ݇ଶሺ݉ଷ ή ݉݋݈ିଵ ή ݏିଵሻ ൌ ʹǤʹ͵͹ ൈ ͳͲହ כ ି
రవమలǤళ
೅                   (22) 
The activation energy for the reaction of aqueous CO2 with aqueous MDEA was found to be 40.96 kJ∙mol-1 
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Fig. 4.  Pseudo first-order rate constants, k0 values against MDEA concentrations of the reaction between CO2 and 
MDEA + H2O system at different temperatures. 
 
          Table 4. Second-order rate constants (k2) of MDEA with CO2 at different temperatures 
T(K) k2 (m3mol-1s-1) 
  MDEA MDEAa MDEAb MDEAc 
298 0.014 0.012 0.007 0.005 
303 0.021 0.016 0.010 0.007 
308 0.034 0.022 0.015 0.010 
313 0.052 0.028 0.021 0.013 
a, b and c Rate constants obtained from rate expressions in term of temperature from [27], [28] and [29] respectively   
4.4 Reaction of aqueous CO2 with the aqueous MDEA/PZ 
 Reaction kinetics of the reaction of aqueous CO2 with aqueous MDEA/PZ was carried out using a stopped-
flow technique, across concentration range of 200-900 mol∙m-3 for MDEA and 5-41 mol∙m-3 for PZ at a temperature 
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range of 298-313 K, with an interval of 5 K. In order to maintain the pseudo first-order reaction condition, the 
MDEA/PZ concentration was kept at least 10 times the CO2 concentration. Table 5 displays an increasing trend in the 
second-order reaction rate constant k2 (m3mol-1s-1) for both MDEA and PZ as temperature increases. Eq. (18), a 
hybrid of base catalysis and zwitterion mechanisms, was used to correlate the experimental k0 (s-1) values using excel 
solver. The values were found to be closer to each other with the mean relative deviation (MRD) that is less than 5% 
in all the four temperatures that were tested. 
 
Table 5. Rate constants determined according to hybrid mechanism Eq. (18) for the MDEA/PZ   
Temperature (K)  k2,MDEA (m3mol-1s-1) k2,PZ (m3mol-1s-1) 
298 0.014 33.53 
303 0.021 34.79 
308 0.034 39.71 
313 0.035 47.57 
 
5.0 Conclusion 
The reaction kinetics of both the aqueous stand-alone AMP and MDEA and the blends of AMP/PZ and 
MDEA/PZ in reaction with aqueous CO2 increase with increasing temperature and concentration. Zwitterion 
mechanism correlates the stand-alone AMP perfectly while base catalysis mechanism correlates the stand-alone 
MDEA successfully. Hybrid of zwitterion mechanism correlates the blend of AMP/PZ while a hybrid of zwitterion 
and base catalysis mechanisms correlates the experimental data of the MDEA/PZ system. The activation energy of 
the reaction between aqueous stand-alone MDEA and CO2 is higher than that in the reaction between aqueous stand-
alone AMP and CO2. For AMP/PZ system, the percentage relative changes in the k0 values (k0, % rel.) indicate that the 
ratio will not be effective beyond 0.8 as indicated in the negative values of the percentage relative changes in the k0 
values (k0, % rel.).   
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